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This  papar  raporta  experiments  oa  an  ana toady  turbulent  boundary 
layer.  Tba  upatraaa  portion  of  tba  flow  10  a  toady  (In  the  mean).  u 
the  dcwnstreen  roglon ,  the  boundary  layer  aoaa  a  linearly  decreasing 
frao-atraan  velocity.  Thla  velocity  gradient  oaclllatoo  la  tine,  ot 
frequencies  ranging  fron  aero  to  approximately  the  butctlag  frequency. 
Conaldarablo  detail  la  reported  for  a  low- amplitude  case,  end  prallalnery 
raeulta  are  given  for  a  higher  amplitude  sufficient  to  produce  eone  re¬ 
verse  flow.  For  the  email  amplitude,  the  naan  velocity  end  neon  turbu¬ 
lence  Intensity  profiles  era  unaffected  by  the  oscillations.  The 
amplitude  of  the  periodic  velocity  component,  although  aa  much  an  70S 
greeter  than  that  in  the  free  stream  for  very  low  frequencies,  becomes 
equal  to  that  In  the  free  stream  at  higher  frequencies.  At  high  fraquear 
dee,  both  the  boundary  layar  thickness  and  the  leynolds  stress  distribu¬ 
tion  across  the  boundary  layer  become  frozen.  She  behavior  at  larger 
amplitude  Is  quite  similar.  Moat  importantly,  at  sufficiently  high  fre¬ 
quencies  the  boundary  layer  thickness  remains  frozen  at  its  mean  value 
over  the  oscillation  cycle,  even  though  flow  reverses  near  the  well  during 
a  part  of  the  cycle. 


Introduction 

The  objectives  of  the  Stanford  Unsteady  turbulent  loundary  Layer 
Program  are:  to  develop  a  fundamental  understanding  of  sash  flows',  to 
provide  a  definitive  data  bees  which  can  he  uaed  to  guide  ttfrhnleane  model 
development,  end  to  provide  teat  eases  which  can  bn  used  by  csmputors  for 
comparison  with  predictions. 

Due  to  apace  limitations ,  work  of  other  lauemtianteea  will  net  he 
summarised  here,  except  to  note  that  all  the  previous  ss|  ertmssf  ace 
characterised  by  unsteady  flow  at  the  Inlet  to  the  unsteady  region*  Per  a 
comparison  of  the  present  experimental  parameter  range  with  theme  Of  other 
investigations ,  nee  Inference  1.  The  distinctive  feature  of  the  free  eat 
experiments  is  that  the  boundary  layer  at  the  laiac  be  Urn  unebendy  legion 
la  a  standard,  steady,  flat-plate  turbulent  heendary  layar*  It  is  then 
subjected  to  sontrollad  ecc illations  of  the  free  Ifni  Mi'  Mature  in 
especially  Inpertent  from  the  point  of  new  Of  n  mangmbor.  Mm  ante  peer 
cist  opodfleetJom  of  Isondsry  oomdltloms  for  tsupwtsMsn  of  tbs  time* 


*B.  S.  Army  derm— hnetee  laboratory,  Meffott  Plaid.  64  Mill 
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Condi 


tlon  of  tto  Frees at  hmtowtt 

The  dMirtd  fiaritnaa  wloeltf  ^(x,t)  is  tte  us  tar  tunnel  Wit 
for  this  work  la  atom  is  Fig.  1.  o«  rasalsa  fair  aai  asifots  for  tte 
first  too  sotara  of  boundary  layat  dmloyaMt.  It  then- decreases  Ur 
early  la  tto  tost  soctloa;  tte  magnitude  of  tte  velocity  gradient  varies 
sinusoidally  fros  so  to  to  a  nlw  dor  lag  tto  oacillatiOB  cycle. 

Tto  saaa  free-strem  velocity  dlatrlbotios  is  tto  tost  section  is  ttaa 
linearly  decreasing  and  corresponds  to  tte  distribution  at  tte  cycle  phase 
angle  of  90* ,  while  the  aspUtoda  of  -imposed  free-streaa  oscillatioas 
grow  linearly  in  tte  straamvlee  direction,  starting  at  saro  at  tte 
entrance  to  a  sexism  value  of  a0  at  tte  exit*  Bancs, 

H„(a,t)  -  ^  o  x  <  xo 

■  V.  -  ~snr^[l  *  “  “]  •  +  l 

The  isportent  perasatars  of  this  problem  era  tte  amplitude  par  sea  tar 
a  ■  Oq/u*  0  and  tte  frequency  parameter:  Bg  •  Bara  f  • 

w/(2«)  and  &Q  la  the  thickness  of  tte  boundary  layer  at  tte  inlet  to 
tto  unsteady  region.  In  tte  present  experiments: 

0.o  -  0.73  m/a,  l0  *  0.05  m,  0  <f  <2  ha,  0  <  a  <  0.25,  0  <  Bg  <  0.14 

It  ehould  be  mentioned  that  tte  value  of  tte  frequency  parameter  Bg 
at  tto  sr*called  'bursting  frequency”  is  turbulent  boundary  layers  la 
about  0.2  12).  Ihua  tte  Imposed-  oedliatloB  -  frequencies  '  used  is  tte 
present  experiments  cover  tte  range  from  qoaei-eteedy  (f  *  0)  to  values 
approaching  the  bursting  frequency.  The  results  reported  tew  are  for  tm 
non-dimensional  amplitudes,  u  ■  0.05  and  0.25  (nominally) *  Tte  latter 
is  sufficient  to  causa  reverse  flee  la  a  turbulent  boundary  layer  at  tte 
end  of  tte  test  section  during  a  part  of  tte  oscillation  cycle. 

Ixserlncntal  Facility 

Figure  2  is  a  schematic  of  tte  facility.  The  lttl  nossle  contraction 
is  followed  by  a  2  a  lost  development  section,  where  tte  teat  lie  wad  ary 
layer  is  grown  on  tte  top  well.  A  constant  head  end  a  constant  flam  re¬ 
sistance  provide  a  constant  flew  .  Tte  freerstteen  velocity  la  tte  devel-“ 
opseat  section  is  saistslsed  enlists  along  x  by  bleed  fees  tte  bottom 
well. 

Tte  linear  decrease  is  f roe-stress  velocity  is  tte  test  section  la 
accomplished  by  uniformly  bleedl*  off  eons  flew  thraegh  tte 
in  tte  test  section.  Tte  remainder  of  tte  flaw  asiti  dmsattass  - 


_tbeea  wo  flows  oxl to  Us  tanas!  through  ttott  U  m  oscillating  fists* 
Ike  dealga  ssssrss  thot,  regardless  of  tki  fsofttss  of  the  oeaillat 1st 
plate,  -tho  total  flow  or  os  sf  the  slots  rosolso  tlw  ease.  •P'Abota  eis 
tbo  controlling  realatance  sf  tks  so  tics  fluff,  elreult,  hoses  the  tooatoot 
flow,  if  sinusoidally  oscillating  the  flats,  s  llssarly  decreasing  partr 
odic  froo-otroow  distribution  -la  ootsbUohod  la  the  toot  ooctlas,  skffet 
tho  opatresa  flow  la  the  developaeat  soetloa  rswslao  s toady. 


Pitot  taboo  are  sssd  for  asaa  velocity  ssaoarsssnts  la  otosdy  floor 

scatter,  Bragg-shifted  Dial  laser  saswptot  la  the  troefclsg  sods. 

Polloslag  Basse la  aad  loyaolds  [3),  the  lastaataaooas  velocity  aigasl 
froa  aa  unsteady  turbulent  flow  aay  bo  docoafoood  late  throe  parts: 


s  ■  a  ♦  a  ♦  o' 


whore  a  lo  the  aeon,  3  la  tbs  tiasrdsposdsst ,  organised  (deteralnlstlc) 
component,  aad  a*  la  the  raadow  fluctuation,  a*  la  detoralaed  by  leap- 
tine  averaging  of  a.  Bars  3  Is  of  a  periodic  nature  aad  aay  bo  deter- 
alned  by  flret  phone-averaging  tho  Isstoatoasoao  velocity  signal  and  that 
subtracting  oat  the  aeaa.  Thao, 

a  -  <  s  >  -  a  (1) 

Bore  <  u  >,  the  phase  average  velocity.  Is  da  to  rained  by  averaglag  over 
aa  eaoeable  of  seaples  taken  at  a  flood  phase  In  tbs  lope  sod  pool  1  lottos, 
la  the  present  eacperlaente,  with  herasnlc  oecllletloa  of  the  free  strata, 
tho  roopoaoo  ot  pelsto  aims  the  hoaadsry  layer  lo  oUwat  slssasldol , 
with  higher  hotwoslso  eootrlhatlag  lose  thas  31.  koaeo,  3  asy  aloe  he 
entree  ted  froa  the  isotoataaasao  eigaol  a  by  titPS  ■corrOliffea  aCtfe  A 
alas  save  la  phase  with  tbs  ssstllsrlsa  A  dlgltsl  correlator 
wee  sssd  to  dsteralae  ore  as-  gsetsletleao  lesdfAg  to  the  •  Asta  refittif 
hare.  Cerreatly  a  SAC  UK-11  Idler  at  sty  Ualtafetst  aysMh  la  a* si  fob 
aatoaatlc  data  aofolsltlsa  sad  ptssssrtag,  ellswisi  the  fStoMMfPMtlisa  Of  ' 
phase  avoragoa  of  a  aad  a**. 

locatloa  saw  the  sad  of  tbs  tost  ssetlss  at  a  -  jL-w  0.54d  a* 


Iha  mm  —Ioelty  profllaa  Hiwril  —th  tha  aorlll— Igf  plats  la 
flood  |orttHi»  e  -  0,  t0*,  100*  (M  fit  It  IMM  WW»  iaTlf •  3. 
Am*  hui— t  iln^wirnri  profllaa  at  m*  IwfUty,  *4»,  twit* 
•taWr  prof ll«a.  it  tkla  — pilt— a  (c  -  0.05) ,  Ofe  WjWWi  of  tha 
bwWwy  laynr  laal— at  II— ar,  —.that  tla .proflla — paallaj  to  •  • 
§0*  11—  M*rlf  aid— y  bat—  tha  1*0  — I  100*  prof  11— .  to  tO* 
prof  Hi  rapraaaata  tha  a—  proflla  for  t—> 1-ataady  o— til— lo— •  Tha 
dlffaranea  bat—  tha  0  a—  tO*  profU—  at  a  find  y-loeation 
rapraaants  tha  aaplltnda  of  goaal-ataady  oaelllatlo—  at  that  1—1—  la 
thaboaadsry  layar.  Nets  that,  tha  *a— i~a  toady.  iWplltadaa  lo  tha  booadary 
layar  —a  largar  than  eha  frss—trs—  — plltoda. 

Iha  a— a  — ioelty  ptofil—  aaaaorad  oadar  oscillatory  cooditloaa  at 
0.5  ha  and  2.0  ha  ara  aho—  —  data  polata  la  fit*  3.  Kota  that  tha 
—  —Ioelty  profllaa  at  — rlona  fraqoaaelaa  ara  Idantleal  with  that  pro- 
flla  aaaaorad  oadar  atatlonary  condition  with  polaar  a— la  sat  at  •  ■ 
90*.  It  aay  ba  coadudad  that  tha  aaaa  —Ioelty  proflla  (at  a  flxsd  aa r 
plltnda  a  ■  0.05)  Is  ladspsadsat  of  tha  lapoaad  oscillation  froqoaacy  la 
tha  antlra  ran—  0  <  f  <  2  ha.  Iha  aa—  baharlor  pars—  all  tha  way  tip 
to  tha  wall. 

this  —bailor  of  tha  aa—  —Ioelty  proflla  way  ba  aacplaload  bp  — 
— lnatloa  of  tha  torcraiai  ——tla—.  0—  of  (1)  la  tha  a— t—  a— ar 

tl—  and  tlaa-a— raginp  ylalda  - 

<3> 


If— tl—  (3)  aay  ha  race— land  —  —a  a— I—  go— lai 
balaat  bn— I  ary  lap—,  —apt  far  tha  addltl—  —  tha 
rapraasata  Kayaalda  at—  arlalai  fr—  tha  —w— I— i  « 


da—  of  tha  lop— a «  m 
for  f  *  0  —  •  * 


o  Aa 


f—M  Will  — 


if  a—  ar 


a^  U  altar—  — 4— 


•  3—  lay— Urn 


—eh 


wuw 

•V. 


*'  V-f  ’■ 


U«  shall  aw  srgus  chat  neither  of  tha  shoos  requirements  is  net.  figure 
4  shows  tbs  measured  distribution  of  radar  stationary  condition 

with  tbs  pulsar  st  •  -  90*  (tbs  anon  position)  as  wall  ss  thoso  as*- 
cured  radar  oscillatory  conditions  atfrsqramrlos  up  to  2  hs.  dots  that 
is  indspsndsnt  of  the  inpossd  oscillation  freqmsaey  and,  f urthsr , 
that  it  is  tha  sans  as  that  asasurad  at  f  •  0  sad  d  ■  90*.  Vs  believe 
that  tbs  sans  would  ha  trus  for  -SHT*  which  at  present  as  cannot  ass- 
sura.  Figure  5  gloss  a  comparison  ha  guana  asasurad  values  of  w  at  2  hs 
with  data  on  -  uTvr  obtained  by  Anderson  {4]  in  a  steady  adverse  pressure 
gradient  boundary  layer  at  comparable  conditions.  The  present  data  on 
uv  were  obtained  by  -separate:  IDA  measurements  of  u  and  v  and  their 
respective  phases.  It  any  be  seen  thet  the  contribution  of  uv  to  total 
Reynolds  stress  is  insignificant  over  slaost  the  satire  boundary  layer. 
Bence,  uTvr  is  independent  of  frequency  end  uv  is  negligible,  and  so 
the  aaan  velocity  profile  is  also  independent  of  frequency  and  is  tha  same 
as  that  found  at  f  -  0  with  6  ■  90*. 

The  behavior  of  tha  periodic  component  3  will  nest  be  examined.  We 
denote 

8  •  «l<y>  coatwt  +  4(y)J  (4) 

The  profiles  of  amplitudes  a^  measured  la  tha  boundary  layer  and  normal¬ 
ised  by  the  free-s  treat  amplitude  a^  ,,  are  shown  in  Fig.  6.  The  profile 
for  quasi- steady  (f  •  0)  oscillations  mss  determined,  as  explained  ear¬ 
lier,  from  the  mean  velocity  profiles  measured  -  at  -  f  •  0  with  6  •  0, 
90* ,  and  IB0*  (see  Figs.  3(a),  (b)).  Bote  that,  during  quasi-steady 
oscillations,  tha  amplitude  in  tha  boundary  layer  exceeds  tbs  f roe-stream 
amplitude  by  as  much  as  70X.  It  may  be  mentioned  that  data  for  f  -  0.1 
hs,  mot  shown  on  Fig.  6,  do  Indeed  corns  very  does  te  the  quasi-steady 
behavior. 

As  tha  frequency  is  increased,  the  amplitude  within  tbs  boundary 
layer  is  attenuated.  The  amplitude  appears  to  drop  ss  f  is  increased 
and  than  rime  again.  At  high  frequencies,  tbs  amplitude  in  most  of  tbs 
boundary  layer  is  the  same  as  la  tbs  froo-atraamt  sear  tbs  wall  tbs  ampli¬ 
tude  of  tbs  periodic  component  rapidly  drops  to  sere. 

The  phase  differences  between  tbs  boundary  layer  ooclUstioss  and 
free-stream  oscillations  are  shown  la  Fig.  7.  for  f  ■  0  there  is  an 
phase  difference^  The  largest  phase  legs  in  tbs  outer  region  of  the 
boundary  layer  were  observed  at  f  •  0.29  hs.  Am  offset  of  imeressiig 
tbs  frequency  is  to  reduce  tbs  phase  lag  fit  dm  outer  region,  bn  se 

-5-  . 


introduce  large  phiM  leads  la  tha  tagioa  vary  cloaa  to  the  vail. 
Clearly,  tha  asymptotic  behavior  of  tha  outer,  s—**—  for  high  frequencies 
la  oaea  again  a  aaro  phaaa  lag  with  raapaet  to  froo-atroaa  oscillations, 
aa  la  tha-^aMl-ftMdreaM> 

At  high  frequencies,  tha  combination  of  the asymptotic  behavior,  of 
*l^al>  ♦  1»  the  outer  region  together -mlth-the  -fact  that.  the  mean 

velocity  profile  la  uaaff acted  by  lapoaed  oscillations,  baa  tte  offect-of 
Crossing  tha  boundary  layer  thlckaaaa.  Thia  Aa  shewn  la  rig.  8,  where  the 
Phsae-avaraged  bouadary  layer  thlckaaaa  <  <  99  >  la  plotted  aa  a  func¬ 
tion  of  the -cycle:  phaaa  angle.  for  sevsral.  .frequencies..  The  quasi-. teady 
behavior  of  -  <  5>w  >  la  quite  -obvious  r.  at  6  -  o,  tha  .bouadary.  layer 
la  the  teat  section  continues  to  develop  -under  a  saro  pressure -gradient 
aad  la  tha  thlaaaat  at  thia  point  la  tha  entire  cycle.  A a  the  phaaa  angle 
la  lacrea.ed,  praaaure  gradlanta  of  lncraaalqg  adveralty  are  lapoaed  on 
tha  baaed  ary  layer,  canning  it  to  thicken.  The  maxima*  thlckaaaa  la  at¬ 
tained  at  •  -  180*  under  tha  maxiaua  adveraa  praaaure  gradient.  Hance, 
at  f  •  0,  4  oeclllatea  180*  out  of  phaaa  with  u». 

Oadar  ooclUatory  coadltloaa  at  f  -  0.25,  0.5,  aad-  2.0  ha,  two 

thlago  happen:  a  algnlflcaat  phaaa  lag  develops  from  quasi-steady  behavior 
aad  the  amplitude  attenuator  with  increasing  frequency.  For  tha  f  «  2.0 
he  case,  tha  variation  over-  the— complete-cycle— la  leas-.than  IX  and  tha 
bouadary  layer  thlckaaaa  la  practically  froaan  during  tha  oac Illation 
cycle. 

It  aay  be  shown  by  a  alaple  arguaent  baaed  oa  a  mixing  length  nodal 
of  bouadary  layer  turbulence  that  tha  fraaaiag  of  tha  boundary  layer 
thlckaaaa  at  high  frequanclaa  la  alao  accompanied  by  Creasing  of  the  ley* 
oolds  atrasa  over  tha  oaclllatlon  cycle,  lb  prove  thia,  we  hypothealsa 
that  the  phase-averaged  layaolds  stress  distribution  aay  be  related  to  tha 
phase-averaged  velocity  profile  la  the  sane  manner  aa  for  a  steady  bouad¬ 
ary  layer,  i.e., 

-  <  U*V*  >  •  *a  i ?  ,  C^  -  l2j*  <^.  >  (5) 

low,  in  the  outer,  region  of  tha  bouadary  layer,  the  mixing  length  1  may- 
be  medalad  aa 

1  m  x<  >  <«> 

where  X  is  nearly  a  cons  teat.  Mow, 

<u>  •  u  +  u  »  «♦  a^y)  cosfwt  ♦  4(y)J  0}* 


6- 


in  the  higb-freqooocy  1MI, 
a^F)  -  o^  -  const  i  ♦(y)  -  0  nad  <  >  -  T>J#  •  coast. 


Dartfon 

Combining  the  tbon,  oas  finds 
-  <  u 


a  <  U  >  .  Jo 

Ty - n 


r-  -.2 


•  -  irr 


(•) 

,  Cf> 

(10) 


i.e.,  tin  phuo>mri|*d  laynolds  stress  la.  tbs  outer  ration  also  becoass 
frozen  at  -  uV. 

Experimental  evidence  of  this  stress-freezing  behavior  was  obtained 
by  measurements  of  phase-averaged  normal  turbulent  stress  <  o'2  >■•  The 
quasi- steady  (f  *  0)  profiles  of  <  u>2  >  are  shown  in  Fig.  9  for  three 
phase  angles  8-0*,  90* ,  and  180*.  Hots  that  the  distribution  for  90* 
lias  nearly  midway  between  those  for  0*  and  180*.  the  distribution  of 
<  u'2  >  for  90*  is  the  same  as  the  distribution  of  u*  ,  as  seen 
earlier.  Therefore,  the  difference  between  the  0*  end  90*  curves  in 
Fig.  9  represents  the  amplitude  of  quasi-steady  oscillations  of  <  u*2  > 
at  any  point  in  the  boundary  layer.  This  amplitude  wua  determined  graph¬ 
ically  from  Fig.  9  and  is  plotted  la  Fig.  10  for  the  caaa  of  f  -  0. 
Voder  oscillatory  conditions,  the  amplitude  of  the  normal  stress  oscil¬ 
lations  in  the  boundary  layer  attenuates  as  the  frequency  of  imposed  os¬ 
cillations  is  increased  from  f  •  0.  At  f  •  2.0  ha,  the  amplitude  of 
straaa  oscillations  across  the  boundary  layer  is  almost  aero  over  the 
outer  region,  aa  seen  in  Fig.  10,  i.a.,  the  stress  Is  almost  f rowan  over 
the  oscillation  cycle. 


■ehevior  Under  lane  dmalltudea  of  Insosad  Oscillations 

lie  asm  discuss  the  case  of  a  •  0.25.  All  date  reported  for  this 

.  i  ' 

case  atm  prallaiaary  sad  subject  to  revision.  They  ace  included  here 
because  of  their  apaalal  Interest  to  this  seating.  Aloe,  booanto  of 
Afpnrntuo  poc  alien  ties ,  a  varies  saw— hat  with  f  in  thin  case, 
hence  0.25  la  only  a  aanlnal  value. 

The  behavior  is  qualitatively  similar  to  tin  «  *  0.05  eari.  The 
mean  velocity  profiles  for  f  •  0*  0.25,  0.5,  and  2.0  It  aru.  shame  in 


Fig.  11. 

0.5,  and 


ot  f  •  0, 
therm  la  n 
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2.0  Im 


of  f  m  0.25, 


significant  TblAdaei? 

atioo  rmlu  fron  oeiMlfi  thickening  of  ttao  boundary  layer  dor  lag  a 
part  of  the  oscillation  cycle  around  tha  phaaa  angle.  of  ISO**  Tha  block- 
aft  effect  of-  an--uxcesalvdy  thick  boundary  layer  xenons  an  lncreaaa  In 

the  local  free-strean  velocity  la  tha  taat  aoetlon*  Therefore,  tha 

5 

|  dealrad  linearly  deereaalag  free-strean  velocity  dlatrlbutlon  la  nor 

achieved  over  a  part  of  the  eyela.  -  At  -higher  f  requeue  lac,,  though,  tha 
boundary-  layer  thlekaeaa  over  the-  entire  -peculation  cycle  d  avia  tea  very 
little  fron  ita  naan  value,  eorraapondlng  to  tha  ®  -  90*,  f  ■  0  con¬ 
dition. 

Tho-behavlor  of  the  amplitude  ratio  and  phase  difference  with  respect 
to' free -stream,  as  shoun  In  -Figs.  12  and  13,  la  quite  elallar  to  that  for 
tha  lower- amplitude  case.  At  high  frequency,  tha  overshoot  in  tha  ampli¬ 
tude  ratio  disappears  and  phase  angles  over  noat  of  the  boundary  layer 
approach  aero.  Very  dose  to  the  wall,  there  la  a  tendency  to  develop 
phase  leads. 

The  phase-averaged  velocity  profiles  for  f  -  2.0  ha  are  shown  in 
Pig.  14.  Note  that  at  8  »  180*  there  la  a  snail  region  of  reversed  flow 
close  to  the  wall.  Despite  this  flow  reversal,  the  boundary  layer  thick¬ 
ness  ranalns  dose  to  its  naan  value ,  as  seen  in  Fig.  IS.  This  behavior 
is  in  contrast  to  that  of  a  steady  boundary  layer,  where  excessive  thick¬ 
ening  of  the  boundary  layer  occurs  as  flow  revered  is  approached.  At 
low  frequency  (f  -  0.25  ha) ,  tha  thickness  oscillates  as  -much  as  ±  40X 
about  the  naan  value;  however,  at  f  -  2.0  ha  this  variation  Is  only 
about  ±  52. 


Conclusions 

The  condusions  fron  our  experiments  to  date  nay  be  sunaarlsed  as 
follows: 

1.  The  mean  velocity  profile  in  the  boundary  layer  is  unaffected  by 
laposed  free-strean  oscillations  in  the  range  of  frequencies  ear 
ployed,  and  It  Is  the  sans  as  the  one  nsasured  with  a  free-strean 
vdodty  distribution  held  steady  at  its  naan  value. 

2.  This  behavior  of  the  nosh  vdodty  field  is  a  consequence  of  two 
observations:  (a)  tha  tine-averaged  tsynolds  stress  distribution 
across  ths  boundary  layer  is  unaffected  by  the  laposed  oscillations 
and  is  Indeed  ths  sans  as  ths  ona  nsasured  with  the  free-strean  vel¬ 
ocity  distribution  held  steady  at  tha  naan  vdua;  and  (b)  ths  lay- 
nolds  stresses  arising  frion  ths  organised  vdodty  fluctuations  under 
lapoaad  oscillatory  conditions  are  negligible  compared  to  ths  *ey- 
aolde  stresses  due  to  tbs  random  fluctuations* 
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3*  The  amplitude  of  tbo  periodic  component  la  tha  boundary  layar  uadar 
quasl-ateady  oscillations  (f  ♦  0)  la  as  such  as  70S  larger  than  tha 
laposad  free-s t rasa  aaplltuda.  However ,  at  higher  fraquanclaa  tha 
peak  aaplltuda  la  the  boundary  layar  is  rapidly  attenuated  toward  an 
asymptotic  behavior  where  aaplltodea  la  tha  outer  Teg  ion  of  tha 
boundary  layar  becoaa  tha  saae-aa -the  fraa-streaa  aaplltuda ,  dropping 
off  to  aero  In  the  near-wall  region. 

4.  Quasi-steady  boundary  layar  velocity  rasponaa  la  in  phase  with  tha 
imposed  ...free-streaa  oacillatlona.:- .  As  tha.  frequency  - la  Increased, 
phase  lags  begin  to  develop  -In -rthe- .outer-  region-  of  -the- boundary 
layer.  Tha  aagnltude  of .  this  phase  lag  reaches  a  maximum  and. than 
decreases  with  increasing  -frequency  until  -an  asymptotic  limit  Is 
reached  where  the  outer  region  once  again  responds  In  phase  with  the 
free  streaa.  Near  the  wall,  however,  large  lead  angles  ere- present 
at  higher  oscillation  frequencies.  - 

5.  A  consequence  of  (3)  and  (4)  above  is  that  the  boundary  layer  thick¬ 
ness  becomes  nearly  frosen  over  the  oscillation  cycle  at  higher  fre¬ 
quencies.  This  remains  true  even  if  flow  reversal  takes  place  in  the 
near-wall  region  over  a  part  of  the  oscillation  cycle,  as  in  the 
larger amplitude  case. 

6.  A  consequence  of  (3),  (4),  and  (3)  above  is  that  the  Reynolds  stress 
distribution  In  the -outer  region  of  the  boundary  layer  also  becomes 
frosen  over  the  oscillation  cycle  at  higher  frequencies. 
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